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The thermal stability in structural and electrical properties of HfO2, HfAlOx alloy, and Al2O3/HfO2 stack thin films prepared by
atomic layer deposition were comparatively investigated. Both HfAlOx and Al2O3/HfO2 exhibit improved property against thermal
degradation compared to the HfO2 film. However, the incorporation of Al in alloy form provides characteristics superior to that in
stack structure by retaining an amorphous structure up to 1000°C, which suppresses the leakage current and retards the growth of
interfacial layer giving rise to lower increment of equivalent-oxide-thickness and interface trap density.
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0013-4651/2007/1544/G99/4/$20.00 © The Electrochemical SocietyMany high- materials are currently considered as potential re-
placements of SiO2 for gate dielectrics in future complementary
metal-oxide-semiconductor CMOS technology.1-7 Among the
high- candidates, HfO2 has attracted much attention due to its
higher dielectric constant  = 20–25 and relatively large bandgap
e.g., 5.6 eV.8-10 However, the HfO2 suffers from poor thermal
stability, low crystallization temperature, and high oxygen diffusiv-
ity through the thin films. These disadvantages would limit its ap-
plication in the CMOS devices. In contrast, Al2O3, the other candi-
date having a relatively lower dielectric constant, can remain
amorphous up to 1000°C and is known to have a much lower
oxygen-diffusion coefficient compared to HfO2.11 In addition, the
Al2O3 has a large bandgap of 8.8 eV and large band offset, which
are helpful to reduce the tunneling leakage current.
Many studies have been focused on the HfO2 incorporated with
aluminum in the form of HfAlOx alloy12-14 or Al2O3/HfO2 stack
structure15-17 as the gate dielectric to improve the thermal stability of
HfO2 thin films. However, the study on the effect of Al incorpora-
tion in these two different kinds of oxide structure has not been
comparatively investigated in detail. Therefore, in this work, the
gate dielectrics of HfO2, HfAlOx alloy, and Al2O3/HfO2 stack were
prepared on p-type Si100 substrate by atomic layer deposition
ALD, and the thermal stability in relation to structural and electri-
cal properties of the respective gate dielectrics in MOS structure
were simultaneously studied.
Experimental
The HfO2, HfAlOx alloy, and Al2O3/HfO2 stack were deposited
by ALD method at 200°C on p-type Si100 substrate. The Si wafers
were cleaned by standard RCA process and dipped with dilute HF
solution to remove the native oxide before the deposition of high-
dielectrics. Trimethyl aluminum TMA, AlCH3, tetrakisethylm-
ethylamino hafnium TEMAH, HfNC2H5CH34, and water
H2O were used as precursors, and argon was employed as carrier
and purge gas. In this work, the duration of the pulses per cycle of
ALD-Al2O3 is 3/3/3/3 s and that of HfO2 is 2/3/2/3 s in the
sequence of precursor/purging gas/oxidizing gas/purging gas, re-
spectively. The deposition rate of Al2O3 and HfO2 per cycle is
around 0.095 and 0.1 nm, respectively. Moreover, our ALD reactor
is the vertical type and the gas flow is controlled by pneumatic
valve. Three different kinds of samples were deposited for a total of
40 cycles in sequence of 40H for HfO2, 1A2H*13 + 1A for
HfAlOx alloy, and 14A/26H for Al2O3/HfO2 Al2O3 followed by
HfO2 stack, where the “H” refers to one HfO2 cycle and “A” one
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stack structure to maintain the same Hf/Al composition ratio. After
oxide deposition, all the samples were annealed by RTA rapid ther-
mal anneal for 30 s in nitrogen atmosphere at different tempera-
tures to improve the oxide quality and then changed to forming-gas
atmosphere at 300°C for 30 min to improve the interface quality.
The bonding states of Hf atom and the properties of interfacial
layer for the three oxide films were analyzed by X-ray photoelectron
emission spectrum XPS. The crystallization of the films after RTA
treatment was investigated by grazing incidence X-ray diffraction
GIXRD, and high-resolution transition electron microscopy
HRTEM was employed to examine microstructure of the films. For
the electrical measurements, the Au200 nm/Ti2 nm heterolayer
was deposited by E-gun evaporation as the top and bottom elec-
trode. The top-electrode area was defined by shadow mask and the
accurate electrode area was measured with optical microscope using
computer software. The Ti served as the adhesion layer to reduce the
series resistance. The capacitance-voltage C-V, conductance-
voltage G-V, and current-voltage J-V characteristics were mea-
sured with an HP4284 impedance analyzer and HP4156 semicon-
ductor parameter analyzer.
Results and Discussion
Figure 1 shows the XPS spectra of Hf 4f core levels. The peak
position of Hf 4f in HfAlOx sample shifts to higher binding energy
compared to that in HfO2 and Al2O3/HfO2 samples, which is be-
cause the Hf is more ionic than Al in the HfAlOx matrix.18 It also
Figure 1. The XPS Hf 4f spectra of pure HfO2, HfAlOx alloy, and
Al2O3/HfO2 stack, respectively, after 500°C RTA PDA for 30 s in N2 atmo-
sphere.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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the postannealed films. In contrast, the Al2O3/HfO2 stack retains a
heterolayer structure after postanneal because the peak position of
Hf core level remains the same as that of pure HfO2 sample.
The XPS analysis was also used to quantitatively characterize the
growth of the interfacial layer IL in HfO2, HfAlOx, alloy and
Al2O3/HfO2 stack thin films deposited on Si substrate after RTA
treatment. The Si 2p core-level XPS spectra of the as-deposited and
those after various RTA annealing in N2 atmosphere 500, 700, and
800°C are illustrated in Fig. 2a. The peak located at 99.3 eV is
attributed to the Si–Si bonds of Si substrates, and the one at
103–104 eV corresponds to the Si–O bonds of silicates lower bind-
ing energy or SiOx higher binding energy from the IL.19 With
increasing the RTA temperature, the peak intensity of IL increases
for all three samples, but the peak gradually shifts to higher binding
energy only for the HfO2 sample. It reveals that the growth of IL in
HfO2 thin films tend to form SiOx x  2 more than in the other
two samples. For better understanding, the ratio of IIL/ISi for each
sample as a function of annealing temperature is plotted in Fig. 2b.
The increase of IIL/ISi ratio reflects the thickening of IL with the
increase of annealing temperature. Among the three samples, the
HfAlOx has the least IL growth, then the Al2O3/HfO2 stack and the
HfO2 film in sequence. The results indicate the higher oxygen dif-
fusibility in the HfO2 film than that in the other two films.
In order to investigate the crystalline properties of these ultrathin
Figure 2. Color online The XPS Si 2p core-level spectra and b the in-
tensity ratio of IIL/ISi for pure HfO2, HfAlOx alloy, and Al2O3/HfO2 stack,
respectively, after PDA at different temperatures.Downloaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to Efilms, the GIXRD analysis was carried out, as shown in Fig. 3. The
HfO2 film begins to crystallize around 600°C, but the HfO2 sublayer
in Al2O3/HfO2 stack becomes crystallized around 700°C. The
higher crystallization temperature of HfO2 in the stack is due to its
smaller thickness. However, the change of crystalline phase of HfO2
in Al2O3/HfO2 stack from tetragonal 111 to monoclinic -111 at
1000°C is not fully understood. In contrast, the HfAlOx alloy re-
mains amorphous even after RTA in N2 atmosphere at 1000°C for
30 s. It clearly demonstrates the effect of Al incorporation in sup-
pression of crystallization of the HfO2 films.
The corresponding transmission electron microscope TEM im-
ages of these samples after 500°C RTA treatment for 30 s in N2
atmosphere are shown in Fig. 4. It verifies the formation of an IL
between the high-k oxide and Si substrate. Among the three
samples, the HfO2 film has the thickest IL, and the HfAlOx has the
thinnest IL. Also, a rougher IL is formed in the HfO2 thin film
relative to the other two. In addition, partial crystallization was
found in the HfO2 thin film and the HfO2 sublayer of Al2O3/HfO2
stack, but the Al2O3 sublayer remains amorphous, as shown by the
inset of Fig. 4c. On the contrary, a fully amorphous structure was
observed for the HfAlOx film. As the amorphous structure would
retard the diffusion of oxygen in the films for the oxidation of Si, the
suppression of IL growth in the HfAlOx alloy and Al2O3/HfO2 stack
can be then realized, especially for the former, which is entirely
amorphous and therefore has lower IL growth than the latter, which
only has an amorphous sublayer of Al2O3.
The typical C-V characteristics measured at 100 kHz of the three
different gate oxides after 500°C RTA treatment are shown in Fig. 5.
All the samples exhibit small hysteresis less than 15 mV and in-
significant frequency dispersion not shown here in the C-V rela-
tions. In order to eliminate the quantum-mechanical effect, the
NCSU-CVC model was used to simulate the experimental data.20
From the simulation results, the Al2O3/HfO2 sample exhibits the
lowest equivalent oxide thickness EOT value around 1.29 nm. The
EOT values of HfAlOx and HfO2 are 1.37 and 1.39 nm, respectively.
Although the dielectric constants of Al2O3/HfO2 and HfAlOx are
lower than that of HfO2, the lower EOT values indicate less EOT
contribution from the IL thinner thickness or higher dielectric con-
stant of IL. In addition, the flatband voltages of Al2O3/HfO2 and
HfAlOx samples shift toward the positive bias. It is because the
incorporation of Al would yield a high density of negative fixed
charges in the gate dielectric.21
Figure 6 shows the variation of EOT value as a function of
Figure 3. The GIXRD spectra of pure HfO2, HfAlOx alloy, and Al2O3/HfO2
stack, respectively, after PDA at different temperatures.CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
sphere.
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increasing the postannealing temperature from 500 to 800°C. How-
ever, the HfAlOx alloy and Al2O3/HfO2 stack continue having lower
EOT values than that of HfO2 despite the anneal temperatures.
Moreover, the increment of EOT value against postannealing treat-
ment is lowest for the HfAlOx alloy, then that of Al2O3/HfO2 stack,
and the highest is that of HfO2. This is in accordance with the
growth of IL observed from XPS shown in Fig. 2b. Therefore, al-
though the Al2O3/HfO2 stack has lower EOT value at lower tem-
perature of RTA treatment, it becomes larger than that of HfAlOx
alloy after RTA treatment at 800°C due to the larger growth of IL.
For the evaluation of interface trap density Dit, a series of
conductance measurement was also performed as a function of fre-
quencies at a given gate voltage in the depletion mode. The Dit value
was determined from the measured admittance of the MOS capaci-
tors. The insulator capacitance and series resistance effect were re-
moved from the measured conductance peak to get more reliable Dit
value.22-26 The results of the three samples postannealed at 500 and
800°C are listed in Table I. The Dit value increases with increasing
the annealing temperature for all three samples. Among them, the
HfAlOx alloy exhibits a Dit value slightly lower than that of
Al2O3/HfO2 stack but somewhat significantly lower than that of
pure HfO2 irrespective of the annealing temperature. The change of
Dit value has the tendency in accordance with the increment that of
IL thickness of the three samples. The increase of interface rough-
ness with the increment of IL thickness may be the reason for Dit
increment. As the annealing temperature increases, the crystalliza-
tion of HfO2 film is raised, and it would cause an inhomogeneous
diffusion of oxygen to the Si substrate, leading to a nonuniform
growth of IL and the roughening of the interface.
The J-V characteristics of the three samples after 500°C RTA
postannealing treatment are illustrated in Fig. 7a. The leakage cur-
rent density of HfO2, HfAlOx alloy, and Al2O3/HfO2 stack are
1.3  10−1, 1.56  10−5, and 1.0  10−4 A/cm2 at VFB−1 gate
voltage, respectively. The latter two have a much lower leakage
current than that of HfO2, but the HfAlOx alloy has the lowest leak-
age. It is most likely related to the amorphous structure entirely
retained in the HfAlOx alloy in comparison to the other two films, as
Figure 6. The variation of EOT value of pure HfO2, HfAlOx alloy, and
Al2O3/HfO2 stack, respectively, as a function of PDA temperatures.
Table I. Dit values „cm−2… of pure HfO2, HfAlOx alloy, and
Al2O3/HfO2 stack on Si after 500 and 800°C postdeposition-
annealing (PDA) treatment, respectively.
HfO2 HfAlOx HfO2/Al2O3
DitPDA 500°C 4.84  1011 3.48  1011 3.70  1011
D PDA 800°C 8.42  1011 5.67  1011 5.92  1011Figure 4. Cross-sectional HRTEM images of a pure HfO2, b HfAlOx
alloy, and c Al2O3/HfO2 stack after PDA at 500°C for 30 s in N2 atmo-Figure 5. The typical C-V characteristics at 100 kHz of pure HfO2, HfAlOx
alloy, and Al2O3/HfO2 stack, respectively, after PDA at 500°C for 30 s in N2
atmosphere. it
CS license or copyright; see http://www.ecsdl.org/terms_use.jsp
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provide a short path of leakage through the grain boundaries.27 In
addition, Fig. 7b shows the effect of annealing temperature on the
leakage current. It generally increases with the rise of annealing
temperature for all the samples, but the leakage in Al2O3/HfO2 stack
and HfO2 film decrease after annealing at 800°C, especially for the
latter. It is most likely attributed to the significant thickening of IL at
800°C in the two films, as observed from the XPS result shown in
Fig. 2b. As for the increase of leakage current density with the raise
of annealing temperature from 500 to 700°C, it may result from the
increase of interface roughness, which would induce local enhance-
ment of current emission.
Conclusion
In conclusion, three different kinds of gate oxide structures, pure
HfO2, HfAlOx alloy, and Al2O3/HfO2 stack, were deposited on Si
substrate using ALD with the control of deposition cycle sequence.
Among the three structures, the HfAlO alloy retains an amorphous
Figure 7. a The J-V characteristics of pure HfO2, HfAlOx alloy, and
Al2O3/HfO2 stack on Si, respectively, after PDA at 500°C for 30 s in N2
atmosphere. b The variation of current density at VFB−1 volts as a function
of PDA temperatures for pure HfO2, HfAlOx alloy, and Al2O3/HfO2 stack on
Si, respectively.x
Downloaded 16 Dec 2010 to 140.114.136.25. Redistribution subject to Estructure up to 1000°C for 30 s in N2 atmosphere, but the HfO2 film
and the HfO2 sublayer in stack structure become crystallized at 600
and 700°C, respectively. The amorphous structure suppresses the
leakage current and retards the oxygen diffusion for the growth of IL
in the HfAlOx alloy, giving rise to the least increment of EOT and
Dit against postannealing treatment. Therefore, the high thermal sta-
bility of amorphous structure from Al incorporation in the HfAlOx
alloy provides a good resistance against thermal degradation of elec-
trical property for metal-oxide semiconductor field effect transistor
MOSFET gate oxide application.
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